is the primary limitation of allogeneic hematopoietic cell transplantation, and once it develops, there are no reliable diagnostic tests to predict treatment outcomes. We hypothesized that 6 previously validated diagnostic biomarkers of GVHD (IL-2 receptor-␣; tumor necrosis factor receptor-1; hepatocyte growth factor; IL-8; elafin, a skin-specific marker; and regenerating islet-derived 3-␣, a gastrointestinal tract-specific marker) could discriminate between therapy responsive and nonresponsive patients and predict survival in patients receiving GVHD therapy. We measured GVHD biomarker concentrations from samples prospectively obtained at the initiation of treatment, day 14, and day 28, on a multicenter, randomized, 4-arm phase 2 clinical trial for newly diagnosed acute GVHD. We found that at each of 3 time points, GVHD onset, 2 weeks into treatment, and 4 weeks into treatment, a 6-protein biomarker panel predicted for the important clinical outcomes of day 28 posttherapy nonresponse and mortality at day 180 from onset. GVHD biomarker panels can be used for early identification of patients at high or low risk for treatment nonresponsiveness or death, and they may provide opportunities for early intervention and improved survival after hematopoietic cell transplantation. The study was registered in clinicaltrials.gov as NCT00224874. 
Introduction
Acute graft-versus-host disease (GVHD) is the primary limitation of allogeneic hematopoietic cell transplantation. [1] [2] [3] Resistance to GVHD therapy is associated with high transplant-related mortality and low overall survival 4, 5 We and others have reported that clinical findings at diagnosis of GVHD, together with early assessment of treatment response, have considerable prognostic value for important outcomes such as GVHD severity 1 month after diagnosis and, most importantly, survival. [6] [7] [8] In these studies, partial or complete treatment response on day 28 was strongly predictive of nonrelapse mortality and overall survival. However, even with this new knowledge, individualized GVHD treatment, based on an accurate understanding of likely long-term outcomes for a specific patient, remains an unmet goal.
Recently, investigators have applied proteomics discovery and validation strategies to identify biomarkers with relevance for GVHD. Among the first of these studies was a report of a panel of 4 informative biomarkers (tumor necrosis factor receptor-1 [TNFR1], IL-2 receptor-␣ [IL-2R␣], IL-8, and hepatocyte growth factor [HGF] ) with diagnostic and prognostic value for acute GVHD. 9 Subsequently, GVHD target organ-specific biomarkers have been identified and validated by the same group. The GVHD of the skin-specific marker elafin demonstrated significant diagnostic and prognostic ability. 10 Likewise, the gastrointestinal GVHDspecific biomarker regenerating islet-derived 3-␣ (reg3␣) has been reported to possess prognostic significance. 11 However, blood tests are still not able to predict a patient's response to treatment, and these 6 biomarkers have not been validated in a blinded manner using samples from different institutions.
We therefore hypothesized that these 6 GVHD biomarkers, measured on samples obtained during treatment, would help discriminate between therapy-responsive and nonresponsive patients and predict survival. We used samples prospectively obtained on a multicenter, randomized, 4-arm phase 2 clinical trial for newly diagnosed acute GVHD (BMT CTN 0302). In brief, patients with newly diagnosed acute GVHD were randomized to receive methylprednisolone (2 mg/kg/day) plus 1 of 4 second agents (etanercept, mycophenolate mofetil, denileukin diftitox, or pentostatin), with the exception that patients who had received mycophenolate mofetil for GVHD prophylaxis within 7 days were randomized to one of the other arms. The results of this study have been reported previously. 12 We measured GVHD biomarker concentrations from serum samples obtained at treatment initiation (day 0), day 14, and day 28 of treatment. We then used logistic regression to create biomarker panels for each time point that assigned a relative weight to each individual biomarker such that the combined panel defined a threshold that best categorized patients on the basis of likelihood to experience the key clinical outcomes of day 28 treatment response or survival. We found that biomarker concentrations obtained during treatment were predictive of likelihood of both treatment response and survival either as a stand-alone test or in combination with clinical information.
Methods

Patients and samples
Peripheral blood samples were collected from patients who provided written informed consent in accordance with the Declaration of Helsinki at the time of study entry (day 0) and on days 14 and 28 of therapy. The study was approved by the institutional review boards of all participating clinical centers. We processed 7-mL peripheral blood samples at the clinical centers on the day of collection. The tubes were centrifuged at 1000-1300g for 10 minutes, and then serum was removed, distributed into cryovials, and frozen at a minimum of Ϫ20°C. The frozen serum samples were then batch-shipped quarterly to the National Heart, Lung, and Blood Institute Sample Repository and stored at Ϫ80°C for protocol-defined ancillary studies. At least 1 serum sample was available for analysis from 112 patients of 180 that participated in the clinical trial. Nine patients did not provide day 14 samples, and 8 patients did not provide day 28 samples. All available samples were included in the analysis. Clinical responses to treatment were the same as described previously and were scored by a study committee blinded to the treatment assignment. 6, 12 Enzyme-linked immunosorbent assays (ELISAs) were performed as reported previously. [9] [10] [11] Similarly, the ELISAs were performed in a blinded manner, with the investigators blinded to all clinical information including outcomes.
Statistical methods
Logarithmic transformed biomarker values were used in all analyses because of skewness of the raw values. Spearman rank correlations were used to examine the association between the different biomarkers. Biomarker values at day 0, 14, and 28 were compared in a univariate manner between responders and nonresponders at day 28 or between patients alive or not at day 180 using side-by-side boxplots. Separate biomarker panels were constructed using biomarkers measured at day 0 and day 14 to predict nonresponse to therapy by day 28, and using biomarkers measured at day 0 and day 28 to predict mortality by 180 days. These panels were done by fitting a logistic regression model for each outcome using all the continuous biomarkers measured at the time of interest, and by constructing the composite biomarker panel as the linear combination of the logistic regression coefficients and the corresponding biomarker values. The intercepts for these models also were determined. Relative effects of each individual biomarker were summarized using odds ratios obtained from univariate logistic regression models. Because of the different scales of each continuous biomarker, the odds ratios were rescaled to correspond to a similar change in each biomarker, namely, a change from the median biomarker level to the third quartile. To further aid clinical interpretability, an optimal threshold defining high versus low values for each panel was constructed based on maximizing the likelihood function in the logistic regression model. Univariate panel results were summarized using this high versus low definition with simple frequencies for response status and Kaplan-Meier curves for overall survival. The panels were evaluated in multivariate logistic regression models by adjusting for clinical variables previously identified as important predictors of day 28 nonresponse or day 180 mortality in the larger clinical study from which these samples were obtained. 12 
Results
Patient characteristics
The characteristics of the 112 patients (Table 1) who provided samples for this study did not significantly differ from the 180 patients who participated in the parent study with respect to any of the baseline clinical characteristics or clinical study outcomes. Samples were available from 112 patients at study entry (day 0) and 104 patients at day 14 and day 28.
Biomarker concentrations at GVHD study entry (day 0) independently predicted day 28 response status and day 180 survival status
Biomarker concentrations at day 0 did not significantly correlate with any of the patient characteristics listed in Table 1 . We also found no significant differences between individual biomarker concentrations and the treatment arm assigned to the patients. However, we did find that the concentrations of the biomarkers correlated with each other; that is, high concentrations of one biomarker were frequently associated with high concentrations of other biomarkers. Most prominent of these were concentrations of TNFR1, which strongly correlated with concentrations of each of the other biomarkers (P Ͻ .001 for each biomarker) except for HGF (supplemental Table 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article). By contrast, concentrations of HGF only correlated with concentrations of IL-8 (P ϭ .006; supplemental Table 1) .
We first tested whether the concentrations of each of the biomarkers at study entry correlated with nonresponse status on day 28 of treatment (supplemental Figure 1) . Mean concentrations of TNFR1 were significantly higher at study entry in patients who did not respond to treatment on day 28, but otherwise there were no significant differences between mean biomarker concentrations at study entry when categorized by day 28 response to treatment. Next, we used logistic regression to determine the odds ratio for an increase in the concentration of each biomarker individually for nonresponse at day 28. To facilitate comparisons, as mentioned in the methods, the odds ratios were calibrated across the various biomarkers so that each odds ratio corresponds to a similar change in each biomarker, which is a change from the median to the third quartile. We found that only higher concentrations of TNFR1 predicted for an increased likelihood of nonresponse at day 28 in univariate analysis (odds ratio, 1.51, P ϭ .028; supplemental Table 2 ).
We similarly analyzed the day 0 concentrations of the 6 biomarkers using day 180 mortality as the end point. In contrast to the treatment response outcome where only TNFR1 concentrations were significantly different at day 0, the mean concentrations of multiple biomarkers (TNFR1, IL-8, elafin, and reg3␣) were significantly higher at study entry in patients who did not survive to day 180 from start of treatment compared with patients who were alive at day 180 ( Figure 1 ). We used logistic regression again to determine the odds ratio for an increase in the concentration of each biomarker for mortality at day 180. Patients were significantly more likely not to survive to day 180 if they had high concentrations of TNFR1, IL-8, elafin, and reg3␣ at study entry (supplemental Table 3 ).
Given that we are primarily interested in post-GVHD treatment survival, we then used logistic regression to create a formula that uses all 6 biomarker concentrations measured on day 0 to predict for mortality at day 180 (Table 2) . In this formula, a relative weight is calculated for each biomarker. Thus, the day 0 biomarker panel is the sum of the value of the individual weighted biomarkers measured at study entry. Notably, although TNFR1 was the most important contributor to the day 0 biomarker panel, the combined panel outperformed the individual biomarkers. To aid in the clinical interpretation of the day 0 biomarker panel, we used the formula shown in Table 2 to identify a threshold that optimized the discrimination between mortality at day 180. Using the optimal threshold, 80 patients had a low day 0 panel and 32 had a high day 0 panel. As shown in Figure 2 , the 32 patients with a high day 0 panel experienced worse outcomes (day 180 mortality, 56% vs 21%; P Ͻ .0001) corresponding to an odds ratio for death of 4.76. We had previously shown that GVHD grade at onset (III/IV vs I/II), stem cell source (peripheral blood, BM, or cord), and donor type (unrelated vs related) are predictors for day 180 mortality. 12 We therefore used multivariate analysis to test whether the day 0 biomarker panel possessed independent prognostic value for day 180 mortality after taking these clinical characteristics into account. As shown in Table 3, the day 0 biomarker panel independently predicted mortality by day 180 (odds ratio, 4.61; P Ͻ .001). The corresponding receiver operating characteristic curve is shown in supplemental Figure 2 . Next, we evaluated how well the threshold value that optimized the discrimination for day 180 mortality predicted for day 28 nonresponse. As before, the 32 patients with a high day 0 panel experienced higher rate of nonresponse by day 28 (44% vs 21%; P ϭ .016), corresponding to an odds ratio for treatment nonresponse of 2.88. We used multivariate analysis to adjust for GVHD grade at onset, the only clinical factor previously shown to predict day 28 nonresponse. 12 As shown in Table 4 , the day 0 biomarker panel independently predicted nonresponse at day 28 (odds ratio, 2.98; P ϭ .017). Finally, we repeated the statistical model with treatment arm assignment as a variable. There were no significant differences in the results when treatment assignment was included in the 2 regression models used in this study.
Biomarker concentrations at day 14 of treatment independently predict day 28 response status
We also were interested in whether biomarker concentrations measured during treatment provided prognostic information beyond what could be determined based on the patient's clinical characteristics and observed clinical response. First, in this subset of patients from the parent study that provided samples for biomarker analysis, we confirmed, as reported previously, 6 that response status on day 14 of treatment (nonresponse vs partial or complete response) strongly predicted nonresponse status on day 28 (odds ratio, 21.79; P Ͻ .001), whereas onset GVHD grade (III/IV vs I/II) did not (Table 5) . We then analyzed each individual day 14 biomarker for day 28 nonresponse status. The mean concentrations of 3 biomarkers (elafin, HGF, and IL-8) were significantly different on day 14 based on treatment nonresponse at day 28 (supplemental Figure 3) . As before, we used logistic regression to determine the odds ratio for an increase in the concentration of each individual biomarker for day 28 treatment nonresponse. Patients with higher concentrations of elafin, IL-8, and reg3␣ on day 14 were significantly more likely to demonstrate treatment failure at day 28 (supplemental Table 4 ). As before, logistic regression was used to identify the optimal threshold for a day 14 biomarker panel that gave maximal discrimination for treatment responsiveness at day 28 ( Table 2 ). The 32 patients with a high day 14 biomarker panel were significantly more likely to demonstrate treatment nonresponse at day 28 than the 71 patients with a low day 14 biomarker panel (56% vs 17%; P Ͻ .001), corresponding to an odds ratio of 6.32. Concentrations of elafin, a skin GVHD-specific biomarker, on day 14 were the most important contributor to the performance of the panel. This is perhaps not surprising, given that at study entry, skin GVHD was present in 82% of the patients.
We next used multivariate analysis to test whether the day 14 biomarker panel possessed independent prognostic value for day 28 treatment nonresponse after taking clinical characteristics into account. As shown in Table 5 , both day 14 nonresponse status and the biomarker panel independently predicted day 28 nonresponse status. The corresponding receiver operating characteristic curve is shown in supplemental Figure 4 . We again confirmed that inclusion of treatment assignment as a variable in logistic regression model did not significantly alter the results.
Biomarker concentrations at day 28 of treatment independently predict day 180 survival status
We also tested whether biomarker concentrations measured after 28 days of GVHD treatment provided prognostic survival information beyond what could be determined by the patient's clinical characteristics. First, as in the previous analyses, we analyzed each individual day 28 biomarker for day 180 mortality. The mean concentrations of 5 biomarkers (TNFR1, IL-8, IL-2R␣, elafin, and reg3␣) were significantly different on day 28 based on survival status at day 180 (supplemental Figure 5) . Using the same logistic regression approach, we determined the odds ratio for an increase in the concentration of each individual biomarker for day 180 mortality and also created a day 28 biomarker panel that used the concentrations of each of the individual biomarkers. As shown in supplemental Table 5 , patients with high concentrations of multiple individual biomarkers were significantly more likely to have died by day 180. The optimal threshold value for a high (N ϭ 41) versus low (N ϭ 63) day 28 biomarker panel was then determined. As shown in Figure 3 , using this threshold resulted in an almost 40% difference in survival at day 180 (49% vs 87%; P Ͻ .0001), corresponding to an odds ratio of 7.22.
Next, we quantified the additional prognostic value the day 28 biomarker panel provided beyond what could be determined using the clinical characteristics alone. To do this, we first created a logistic regression model that included the previously reported clinical characteristics predictive of survival at day 180. These included GVHD grade at study entry, donor type, stem cell source, Table 6 , in this multivariate model, only day 28 response status predicted day 180 mortality (odds ratio, 7.22; P Ͻ .001). We then found that including the day 28 biomarker panel in this multivariate analysis provided an additional independent predictor of day 180 mortality (odds ratio, 7.43; P Ͻ .001). The corresponding receiver operating characteristic curve is shown in supplemental Figure 6 . We again confirmed that inclusion of treatment assignment as a variable in logistic regression model did not significantly alter the results.
Discussion
Since the publication of the first GVHD biomarker panel, 9 the potential utility of biomarkers to guide clinical therapy for patients with GVHD has been the source of considerable interest. 13 In this report, we have demonstrated that biomarker panels measured during the course of GVHD treatment provide valuable prognostic information, independent and additive to the observable clinical status of the patient at the time of measurement. At each of 3 time points, start of GVHD treatment, 2 weeks into treatment, and 4 weeks into treatment, a 6-protein composite biomarker panel predicted for the highly important clinical outcomes of treatment response and mortality. Perhaps most importantly, after weighting each biomarker according to the logistic regression model we developed, a high GVHD biomarker panel measured at GVHD onset predicted for both death by day 180 and treatment failure at day 28. We have shown previously that although treatment failure by day 28 is predictive of mortality, it does not entirely account for survival outcomes at day 180. 6 Thus, it seems that the day 0 concentrations of several GVHD biomarkers contribute to predicting causes of death other than GVHD treatment failure. Because cause of death was not collected as part of this clinical trial, we can only speculate on the identity of these other causes, which might be late GVHD flares, or possibly other complications related to GVHD treatment. Further prospective clinical trials with the collection of additional samples and clinical data are needed to more fully explain this finding.
We recognize that there are some limitations to this analysis. First, the majority of patients had skin GVHD as the indication for study entry, and this may account for the relatively high contribution of the skin GVHD biomarker elafin to the performance of the day 14 biomarker panel. It is likely that a biomarker panel generated from patients with predominantly gastrointestinal involvement would have different characteristics. Thus, we included all 6 biomarkers when constructing the panels, recognizing that that larger prospective validation trials will be needed to ultimately determine which combination of biomarkers provides the greatest clinical utility. Second, patients who participated in the parent clinical trial may have other differences compared with the general acute GVHD population. For example, patients with active infections, such as CMV, or less easily discernible GVHD symptoms may not have enrolled on the clinical trial, providing additional justification for the need to conduct larger prospective validation trials before implementing biomarker assays into clinical management. Third, because of the very nature of the clinical trial that provided the samples for the analyses, all of the patients were treated with both steroids and 1 of 4 other drugs. We are not able to account for the potential differences that might be observed if only steroids had been administered as the treatment for newly diagnosed acute GVHD. However, it is reassuring that the inclusion of treatment assignment in the statistical modeling did not significantly alter the results. Fourth, there might be other clinical factors, such as rapidity of treatment response, that were not captured as part of this study but that might be helpful in predicting treatment outcomes and survival. Finally, although we did not find any evidence that the patients who provided samples were significantly different from the overall patient population, the failure to obtain samples from all the patients who participated in the clinical trial led to a relatively small number of patients available for analysis. Nonetheless, the magnitude of the odds ratios and highly statistically significant results strongly suggest that measuring biomarker concentrations during treatment will prove clinically useful in other GVHD patient populations. The validity of the results is strengthened by several factors. First, the investigators were blinded to the patient outcomes. Second, the samples were prospectively obtained from patients treated at multiple centers. Although the biomarker concentrations were measured long after treatment on the clinical trial was completed, the technology used, ELISA assays, is widely available and there is no inherent barrier to real-time measurement of the individual proteins that were included in the biomarker panels. Thus, incorporation of ELISA-based GVHD biomarker panels into clinical care should be highly feasible.
This study represents the first demonstration of how GVHD biomarker panels may ultimately be incorporated into clinical care. We envision that measuring GVHD biomarker concentrations will be useful to the clinical management of patients undergoing treatment similar to tumor markers that are well established for the management of certain cancers, such as blood measurements of ␣-fetoprotein, human chorionic gonadotropin, and lactate dehydrogenase for staging, prognosis determination, and therapy monitoring of testicular cancer, 14 or serum measurements of CA 15-3, CA 27.29, or carcinoembryonic antigen to guide treatment for breast cancer. 15 Cancer biomarkers supplement clinical measures of tumor activity at diagnosis, or residual tumor activity during treatment, whereas GVHD biomarkers seem to supplement clinical measures of disease activity such as degree of skin rash or volume of diarrhea. Therefore, one possible application of a GVHD biomarker panel is to use a threshold to categorize patients as having a high or low biomarker panel to risk stratify for GVHD outcomes, a strategy that may prove useful for the development of treatment algorithms at the onset of GVHD or during treatment. Along these same lines, it may ultimately be possible to use biomarker panel results to predict the likelihood of an outcome for an individual patient, the goal of personalized medicine. To illustrate this point, we selected a patient with a high day 14 biomarker panel result and applied the formula shown in Table 2 to determine the probability of nonresponse on day 28. For this specific patient, who was in response on day 14, we predicted a 73% likelihood of nonresponse on day 28, despite their favorable day 14 clinical response. In actual fact, the patient was no longer in response on day 28. Information of this sort may be useful in guiding clinical decisions. For example, in cases similar to the specific patient just presented, the biomarker panel result could highlight that residual GVHD is greater than suspected from the clinical symptoms, and therefore, a slow steroid taper may be indicated. The inclusion of both clinical and laboratory values in future GVHD treatment algorithms may therefore help determine the optimal therapy for individual patients. For personal use only. on January 7, 2018. by guest www.bloodjournal.org From
